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Abstract 

A mode] for electron transport and emission in Csl is proposed. It is based on the

oretically calculated microscopic cross-sections for electron interaction with the nuclear 

and the electronic components of the solid. A Monte Carlo program based on this model 

was developed to simulate secondary electron emission induced by X-xays and electrons 

in the energy range of 1 to 10 keV. The calculated secondary emission yields agree with 

existing experimental data. The model provides all necessary characteristics for the de

sign of radiation detectors based on secondary electron emission. It can be expanded to 

higher incident energies and other alkali halides. 
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1. Introduction 

It has been known for a long time that alkali halides, and in particular Csl,1 ' , are 

very good secondary electron emitters when irradiated by a few keV X-rays or electrons. 

This feature of alkali halides is mainly due to their low work function which is of the or

der of a few tenth's of an eV, Another important reason for their effective electron emis

sion is the exceptionally low probability for energy losses by inelastic collisions of the 

secondary electrons in the low energy region (Be < 6 eV). The main process which is 

still important at these energies is the elect ron-phonon interaction; in this process the 

average energy loss per collision is ~0.01 eV but there is also a gain of a similar amount 

of energy from the lattice. Consequently the spectrum of secondary electrons is narrow, 

compared to similar spectra from metals ' . 

Csl radiation converters coupled to MCP multipliers have been successfully used for 

soft X-ray imaging'1'. When this type of secondary electron emitting material is coupled 

to an efficient gaseous electron multiplier with good localization resolution4' we obtain a 

unique, ultrafast. X-ray detection system, useful for many applications such as: particle 

identification by Transition Radiation in high energy physics experiments, synchrotron 

radiation detection, nondestructive radiographic methods for quality control, medical 

radiography, etc.'1' 

The general features of secondary emission from Csl layers, irradiated by soft X-

rays, were obtained from the pioneering works of Henke et al. ' K But many problems 

connected with the understanding of the emission process following the irradiation by 

a few keV elections and photons have still not been solved. Henke et al. developed a 

model2 ' of Secondary Electron Emission (SEE) including a postulated treatment of sec

ondary election excitation function (without details of the mechanisms of interaction) 

and the one-dimensional random walk Kane's model ' for electron transport. Secondary 

emission spectra predicted by this model agree satisfactorily with the experimental data, 

except for a region which is supposed by the authors of Ref. 2 to he responsible for plas-

mon decay. But MUHC question* ronrrniing the amission of primary electrons (electrons 

with energy E > SO <'V). which may effect, for example, the time and localization prop

erties of radiation detection systems, are not solved by this model. A simpler and more 

straightforward, semi-analytical, model for SEE was proposed by Eraser '. Three param-



eters are used: the escape probability P(0) of secondary electrons, created at a distance 

j - from the emitting surface, when x —* 0; the mean energy for secondary electron gener

ation e; and the escape length La. These parameters cannot be predicted by the model, 

and are usually extracted from a fit to the experimental data. Both models considered 

above are not based on "first principle" approach. 

In order to have a coherent picture of the SEE it is necessary to understand the 

whole process of slowing down of primary and secondary electrons generated by ener

getic electrons and X-rays. For that purpose it is desirable to include all the known 

processes of electron interaction in a single theoretical model. A step in this direction 

was made by McDonald et al. ' , using Monte Carlo simulations of the generation and 

the transport of secondary electrons. Llacer and Garwin \ used the same method for 

low energy electron transport calculations, influenced only by electron-phonon interac

tions. But the ewer simplification of the interaction process, used in these models, does 

not help to elucidate the whole mechanism of creation, multiplication, slowing down and 

(•mission of secondary electrons. Monte Carlo simulation models and methods for solving 

the BolzmamVs transport equation of secondary electron emission from metals, induced 

by charged particles, were recently reviewed in Ref. 11. 

In the present article we report on the development of a new physical model using 

recent, reliable, theoretical microscopic cross-sections for electron interaction in alkali 

lnilides. Monte Carlo calculations based on this model were performed. The results of 

the integral rhaiarteristics (like electron yields) of secondary emission from Csl are1 pre

sented, for normally iurident electrons and X-rays over an energy range of 1-10 keV. 

2. The Simulat ion Model 

The first stage1 in the simulation of the SEE induced by X-ray absorption, is the cal

culation of the spatial clistribution of the primary photoelectrons. For high energy 

X-rays, also Compton electrons should be considered. For thin layers the simulation 

of the spatial distribution of photoelectrons is done using the force1 tl Monte Carlo 

scheme '. The total X-ray attenuation coefficients are taken from the* tables of Hubbell 

et al.1,1' and the shell partial photoelectron cross-sections from Scofield's data ' . The 

angular distribution of the ejected photoelecIrons is used in Fisher's form1'*', Anger elec

tions following the photo- and electron ionization processes are also taken into account 



as primaries. The problem is thus reduced to secondary emission following primary elec

tron transport in the layer. 

Many of the previous simulation works of SEE from metals, induced by electrons 

(sec for example ref. 11,16), were performed using the direct Monte Carlo scheme (for 

details see 17,18). The basic assumptions used in this scheme are: 1) the electrons in

teract at random points in the bulk of the target. 2) the type of interaction (elastic or 

inelastic) is selected randomly, according to the relative cross-sections of the processes. 

3) the inelastic scattering includes several mechanisms of interaction: ionization, exci

tation, collective interaction, etc. The particular mechanism is selected according to its 

relative cross-section. 4) the energies and the angles of deflection of the scattered pri

mary electron (i.e. the most energetic electron) and the ejected secondary electron (low 

energy electron) are sampled from the cumulative probability distributions, obtained 

by integration of the double differential cross-section of the corresponding interaction. 

Hence, the results of the simulation calculations depend on the adequacy of the cross-

sections used to describe the teal interaction process. 

We cannot use at present the exact theoretical cross-sections, because this implies 

solving the many-hody interaction problem in the solid. On the other hand, there is 

a Jack of systematic experimental data for electron interaction cross-sections in solids. 

Only a few indirect data can be used: the stopping power for electrons transmitted 

through a layer, characteristic energy losses (plasmon excitations) and the total mean 

free path for inelastic scattering. It therefore seems reasonable to use the cross-sections 

of scattering of electron on free atoms as a first approximation in the Monte Carlo sim

ulations. The existing experimental data can be used for cross-check of this approxima

tion. This assumption is not so rough as might be thought, since the inner shells of the 

atoms in a solid remain practically unperturbed. Hence the process of interaction (ion

ization, elastic scattering) with a small impact parameter can be treated as for the case 

of a free atom. For the outer electron shells, which contribute to the solid effects in a 

collective manner, we include the following processes: plasmon and electron-hole excita

tions, and interactions of slow electrons with the lattice vibrations. As was mentioned 

above, models based on these approaches for metals show results which are in satisfac

tory agreement with experimental data. 
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In table 1 we summarize the processes taken into account in our model, the meth

ods of calculation of the required cross-sections and the relevant references. 

2.1 Elastic scattering 

The differential elastic cross-section has been calculated using the partial wave ex

pansion method for a free atom. Solving the Dirac equation we used the screened po

tential proposed by Green et al.2 3 ' , without inclusion of the polarization and exchange 

effects. We have not included, at this stage of calculations, electron elastic scattering 

cross-suctions affected by the solid (for example the known "muffin-tin" approximation). 

We suppose that this simplification does not affect the final results of calculations, as 

WHS indeed confirmed by some additional calculations which included these effects in an 

approximate way. The calculations were done for a Xe atom, since its atomic number 

Z=54 is exactly the mean value of that of Csl. The results of calculations of the differ

ential and total cross-sect ions, compared with other calculated2 ' and experimental ' , 

data are shown in figs. 1-3. The overall agreement is quite satisfactory, although for 

electrons with energies Ee <60 eV there is an increasing disagreement, up to a factor 

of 1.5 in the total cross-section, as compared to the experimental data2 5 ' . 

2.2. Inelastic scattering 

For our calculations we assumed that the outer eight electrons of Csl are the valence 

electrons (this follows from the estimated ' plasmon energy Epi = l0.1 eV). The inci

dent electrons interact with these collective electrons only by plasmon and electron-hole 

(t - l>) excitations. The plasmon excitation cross-section was calculated using Quinn's 

theory and the (( - h) cross-section was calculated within the framework of Lindhard 

and Ritchie's theory of the complex dielectric constant '. This indeed is a simplified 

picture because the real energy loss spectra for alkali halides reveal a complicated struc

ture. For example, in the case of KC'I only 12% of the integral of the imaginary part 

of the inverse dielectric function (lm[— ~\ was attributed to plasmon excitations2'1'. We 

have taken this into account in our simulations by using a plasmon cross-section which is 

of about 12% of the one calculated from Quinn's formulae. The contribution of plasmon 

decay to the SEE can be roughly estimated from the energy spectra of Henke ct al. (fig. 

13 in rcf 2) and supports our approach. 

There are several ways of combining the outer electrons from I and Cs to form the 

5 



8 valence electrons. We have checked a few of these combinations (see below), compar

ing the results of the calculated secondary emission yields from an X-ray irradiated Csl 

layer, with the experimental data. All other electrons were treated as nonperturbed shell 

electrons, for which the binding energy was taken from ref. 27. The formulae for the 

ionization cross-section, most frequently used in Monte Carlo calculations, are those de

duced from the binary encounter approximation theory of Gryzinski20* and Vriens28). In 

fig. 4 we compare the results of the calculations of the total ionization cross-section for 

Cs using these theoretical cross-sections with the compiled experimental data from ref. 

29. It can be seen that Gryzinski's approach fits better the experimental cross-sections. 

Hence in our calculations we prefer to use Gryzinski's formula both for the differential 

(in energy) and the total cross-sections. 

Another process of energy loss is the inner shell excitation. At present we cannot 

treat it precisely because of the lack of suitable cross-sect ions. But since these inner 

shell excitations do not affect the secondary electron creation they were included as a 

mean energy loss AE along the free electron's path t: AE = ( — -37 ) • t. The value 
V ax /ere 

of (— 7 7 ) was obtained from Bethe's stopping power (numerical data are given in 
\ ax Jexc 

ref. 30) by subtracting the part ( —4f 1 connected with losses in inelastic processes 
V /col 

cited in table 1. Big uncertainties in the approach arise for electron energies Ee < 2 keV, 

where Bethe's formula cannot be applied. 

Fig. 5 shows the energy dependence of the Inverse Mean Free Path (IMFP)for var

ious processes of inelastic interaction of electrons with Cs and I atoms. To simplify the 

figure we present only the total IMFP for ionization. It can be seen that a drastic drop 

occurs at energies below the binding energy of the last outer shell included in our cal

culations. Hence, the main mechanism causing the creation of secondary electrons is 

no longer effective ;it energies below £<-;=6.3 eV (Ef; is the gap width in Csl). Conse

quently the secondary electrons with energies EL <G.3 eV move in the solid without mul

tiplication. As can be seen from the same figure the dominating inelastic process at en

ergies below G.3 eY is the electron-phonoii interaction. Only longitudinal optical phonon 

excitations were included, according to the theory from ref 10, and allowing processes of 

energy losses and energy gain from the lattice. 
2.3 Relaxation of the atomic shells 
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A vacancy created in the inner shell as a result of X-ray photon or energetic elec

tron ioni2 '.tion may be filled by radiative (fluorescence radiation) or nonradiative (Auger 

and Coster-Kroning electron emission) decay. Transition probabilities in the case of 

Cs and I atoms are not available. We therefore include in our calculations only aver

aged Auger energies, which are obtained from the binding energies of the corresponding 

shells, introducing, of course, a systematic error in the results. By not including Coster-

Kroning electrons (usually of relatively low energy) we slightly underestimate the yield 

of secondary electrons, because these low energy electrons have a high probability of ion

ization, i.e. creation of slow electrons. The probability for the nonradiative 'transitions 

was calculated using the empirical formula of Bambynek et al. '. 

In our calculations it was also assumed that there is a 100% probability for plas-

mon decay, omitting electrons with energy Ec = Epi — EQ — -V, where .V was randomly 

sampled from the normal distribution with parameters obtained by the experimental 

work of Poole et al.'1'^'. 

3. Resu l t s of calculat ions 

The results presented below were obtained using our computer code on an IBM PC-

386. The most time* consuming operation is the calculation of the low energy electron 

transport. Therefore, we decided to divide the trajectory simulation process into two 

parts: H) production and transport of primaries and energetic secondaries, their multi

plication and slowing down until the limit of 6.3 eV and b) tram-port of low energy elec

trons f0.1< E, < G eV). In the second part isotopically distributed electrons of a given 

energy and a set of distances from the exit .surface, are followed by the Monte Carlo sim

ulation. The results represent the penetration probability versus distance. Knowing the 

coordinates and energy of electrons from part a) of the trajectory calculations, we have 

convoluted them with the peuetra. ion probability from part b). to obtain the yield of 

secondary electrons. The division of the calculation into two steps has another advan

tage: since the low energy electron transport was interpreted'*-11 as a diffusion process 

we are able to verify th<' validity of this interpretation. 

The minimum number of simulated electron trajectories in our case is of the order 

of 10 . The transport of low energy secondaries (£*, < G eV) was simulated at each dis

tance by 5-10'1 trajectories, providing an overall statistical uncertainty of 3% in the cal-
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cuiated yields. 

For reasons of commodity, all results of SEE calculations presented here are for elec

trons emitted in the "forward" direction, namely, in the direction of the incident radia

tion. However it should be noted that according to Henke et al.6 ' and in our estimations 

there are no significant differences between "forward" and "backward" SEE. 

3.1 Transport of low energy electrons 

As was explained above (sec. 2.2) all inelastic interactions followed by SEE are neg

ligible for electron energies below Ee=6 eV. In this range only electron-phonon scat

tering and elastic scattering are important and dominate the transport of the created 

secondary electrons. The electron trajectories become very long and involve extremely 

small energy transfers of ~0.01 eV. Consequently the transport process resembles dif

fusion. The solution of the one-dimensional diffusion equation obtained in ref. 33 has 

a nearly exponential dependence of the escape probability on the creation depth x. 

Also the often used formula for the escape probability P(^) has an exponential form 

P(x)=P(0)e.xp(—x/Ls), where LS is the escape length. 

In fig. 6 the results of our Monte Carlo calculations of the escape probability P ( i ) 

is shown for several electron energies. These curves have a nonexponential behavior: the 

escape probabilityP(O) for electrons located at the exit surface is less than 1 (also sug

gested in ref. 10). Moreover, if we try to fit the curves by exponents, we obtain an en

ergy dependence of LH. The results of our estimations of P(0) and Ls are summarized in 

table 2, for energies of 0.15-6" cV. 

As a matter of comparison we note that Frasei ' used in his semi-empirical mode: 

for C'sl, the values P(0)=0.2, £ s =2l .5 nm and c= 7 eV (e is the mean energy for a sec

ondary electron creation). These are values deduced form data of integral characteristics 

of SEE, and they represent an averaging over the whole spectrum of secondary electrons 

energy. 

Tlie curves shown in Fig. G were interpolated and the extracted values of P(x) were 

used in the calculation of (he transport of electrons of energies below 6 eV. 

3-2. Secondary electron emission characteristics 

As a first test of the Monte-Carlo model we have calculated mono-energetic elec

tron transmission through Csl layers of different thicknesses. Only primaries (electrons 
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with energies Ee > 50 eV) were counted in this case. Separately we calculated secondary 

emission yields as functions of the Csl layer thickness. Typical examples of these curves, 

for several energies, are shown in figs. 7,8. From the transmission curves 

(Fig. 7) we extracted the extrapolated electron range Rextr and from the SEE curves 

(Fig. 8) we calculated the maximal electron yields, both as function of the electron 

energy. The results are shown in figs. 9,10- From fig. 9 follows that the calculated 

Ii(.rfr(E) agree well with the experimental data3 4 ' , particularly at the higher electron 

energies. The differences, evident in the energy range of 1-2.5 KeV, may be attributed to 

uncertainties in the excitation losses of electrons {see sec. 2.2). Fig. 10 presents the rel

ative secondary emission yield bf6m versus the relative energy E/Em (Em is the energy 

at which the maximal yield 6m occurs). The curve follows the "universal curve" shape 

suggested by Schwftrz , but the absolute values from our calculations are 6m = 12 

electrons at £*m =1.25 KeV, and not £m = 17 electrons and Em=2.2 KeV quoted in ref. 

1. Part of this large discrepancy may be connected to the uncertainties of excitation 

losses in our calculations. It should be also taken into account that our calculations 

were performed for a Csl crystal, and the experiments deal with evaporated layers. In 

the last case many factors may influence the secondary emission: impurities, layer struc

ture etc. These of course, could not be included in our calculations. We can neither ex

clude uncertainties in ref. 1. In the case of SEE induced by X-rays, accurate data were 

obtained by Hcnke et al. '. We compare these results with our calculations. In fig. 11 

the secondary yield dependence upon Csl thickness is presented for two X-ray energies 

£T->=2.3 keV and E1 — G keV. together with the experimental data from ref 6. As ex

pected, the yields saturate for thicknesses of the order of 100-200 inn. The absence of an 

energy dependence of the "saturated yield" convertor thickness supports the interpre-

talion that the secondaries are emitted from a finite thin layer, of a few escape lengths, 

below the emission surface. This is consistent with the picture that there is a small cas

cading process created by the primary electrons The cascade of the secondaries consists 

of small "•branches" of low energy electrons, which have a limited penetration depth as 

was shown in fig. G. 

The calculated energy dependence of the quantum yield YH (Ys is the number of 

secondaries per incident photon) from a 100 urn thick Cs[ film, irradiated by 1-10 keV 
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photons, is shown in fig. 12 together with experimental data. The calculations were per

formed for two possible combinations of valence group of the S outer electrons: 

A) / : 3 electrons from O3 (5p 3/2) + 2 electrons from 02 (5pl/2). 

Cs : 2 electrons from O3 (5p 3/2) + 1 electron *rom P{6sl/2) 

B) 1 : 3 electrons from 03 (5p 3/2). 

Cs : 1 electron from P(6sl/2) + 4 electrons from O3 (5p3/2). 

The main difference between the calculated and measured data is seen in the en

ergy range of £^=1 keV, where the deviation is about 40%. The overall trend of the 

Ya(E-I) dependence follows the experimental data, with a maximal deviation of the or

der of (10-15)%. From our data presented in fig.12 it seems that variant B is somewhat 

better than A. Taking into account the uncertainties in the input data, as was discussed 

in the previous chapter, one can conclude that even at this stage of development of our 

model we are able to predict correct yields in the relevant energy range. Fig. 13 gives 

a comparison of the calculated energy dependence of the primary to total yields ratio 

Vp/1/ (\'t ~ Yp + K,, Yt, Yp and Ya are the total, primary and secondary yields, re

spectively) with the existing experimental data. There is a monotouic increase of the 

relative primary yield, and the L-shell excitation effect is evident. 

[t should be noted that the relative primary yield does not exceed a few per cent. 

This is an important feature of Csl, used as an X-ray convertor coupled to gaseous am

plifier; the number of emitted fast electrons, having a long ionization track in the gas, is 

very small and most of the yield is of slow electrons thus preserving the excellent local

ization and timing properties of these X-ray detectors5). 

4. Conclusions 

A model for SEE calculations from Csl was developed. It is based on theoretical 

cross-sections of elementary interactions of 1-10 keV X-rays and electrons with atoms. 

The main advantage of this model is that it is free of preliminary assumptions like sec

ondary electron excitation function, semi-empirical formula for the escape probability 

etc. All these functions are obtained automatically in the framework of our model. In 

spite of some simplifications used in the model (interaction processes and solid state ef

fects) the Monte Carlo calculations based on this model show an overall good agreement 
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with existing experimental data. The calculations allow the prediction of SEE character

istics with sufficient accuracy. The model will be further expanded to other alkali halides 

and to higher energy X-rays, in view of SEE-based 2D imaging radiation detectors for X-

ray radiography. More calculations are in progress, to predict SEE induced by relativis-

tic particles crossing alkali halide convertors. This phenomenon is of prime importance 

in the field of particle detection. 
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Figure Captions 

Fig. 1 Angular dependence of the differential elastic cross-section, for electrons of 

100 eV on free Xe atoms. 

Solid line - our calculations, dots - as calculated by Fink et afi*K 

Fig. 2 Same as in fig. 1. Electron energy: 500 eV. 

Fig. 3 Elastic inverse mean free path (IMFP) in Xe. Solid line - our calculations, 

dots - experimental data of de Hear et al. ^ 

Fig. 4 Ionization inverse mean free path (IMFP) for Cs as function of electron en

ergy. Full curve - Gryzinski's theory20^. Dashed curve - Vriens theory28^, 

dots - experimental data2 9 ' . 

Fig. 5 Inelastic inverse mean free path (IMFP) for various interaction processes as 

function of electron energy. - AE and -\-AE curves correspond to electron-

phonon interactions (loss and gain of energy respectively). 

Fig. 6 Escape probability from Csl for low energy electrons, as function of their 

croation depth. The curves are polinominal fits to the calculated points. 

Fig. 7 Electron transmission through Csl layers, for several energies. 

Fig. 8 Forward (see sect. 3) secondary electron yields for several incident electron 

energies (indicated in the figure) as function of the Csl layer thickness. 

Fig. 9 Energy dependence of the extrapolated electron range. Full curve - experi

mental da ta 3 4 \ The dashed curve fits our calculated data. 

Fig. 10 Calculated relative forward secondary yield 6/6m, versus relative electron 

energy E/Em- In our case Sm = 12,Em = 1.25 kcV. 

Fig. 11 Forward secondary electron yields, per incident photon, as function of the 

Csl layer thickness, for two X-ray energies indicated in the figure. Dots -

experimental data'1' curves - our calculations. 

Fig. 12 Secondary electron yield, per incident photon, from a 100 nm thick Csl 

layer in the forward direction, as function of the photon energy. Dots -

experimental data from ref. 6. Curves - fits to the calculated yields (full -

variant A, dashed-variant B, see text sec.3.2). 

Fig. 13 Ratio of primary-to-total yield from a 1000 nm thick Csl layer (forward di

rection) as function of the plioton energy. Open circles - experimental data 

from ref C. Curves - fits to the calculated data. 
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Table I 

Summary of all the Processes included in our simulations, 
the methods of cross-section calculation and the relevant references 

Elastic Scattering 

Partial 

wave 

expansion ' 

Inelastic Interactions 

Ionization 

Binary 

encounter 

approximation 

Plasmon excitation 

Quinn's 

theory21* 

Electron-hole 

excitation 

Dielectric 

theory22* 

Electron-phonon 

interaction 

Time-dependent 

perturbation 

theory10* 

Tabk II 
Parameters for the exponential fit to the calculated 

secondary electrons escape probability as function of depth. 

Ee [eV] 

P(0) 

Ls [nui] 

6 

0.91 

30.0 

5 

0.89 

30.0 

3 

0.89 

25.2 

2 

0.86 

17.3 

1 

0.7C 

10.2 

0.5 

0.70 

3.4 

0.15 

0.36 

2.0 
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